The technique of H Rydberg atom photofragment translational spectroscopy has been applied to investigate the ultraviolet photodissociation dynamics of hydrogen bromide. Branching fractions between the channels forming ground Br( 2 P 3/2 ) and spin-orbit excited Br( 2 P 1/2 ) atoms have been determined at 15 independent wavelengths in the range 201-253 nm, and photofragment recoil anisotropies for these two channels have been characterized at six different wavelengths within the same wavelength range. The channel forming ground state products, HϩBr( 2 P 3/2 ), is observed to arise solely from a perpendicular ͑i.e., ⌬⍀ϭ1͒ transition at all excitation energies, whereas the channel to formation of excited state products, HϩBr( 2 P 1/2 ), has a marked wavelength dependence: at long wavelengths ͑ϭ243 nm͒, the photofragments are produced by a parallel ͑i.e., ⌬⍀ϭ0͒ photodissociation mechanism, which becomes more perpendicular in character as the photolysis energy is increased. Within the wavelength range studied, the branching fractions indicate that Br( 2 P 3/2 ) products are formed in preference to Br( 2 P 1/2 ) products, with propensities that are relatively invariant to excitation wavelength, although a small, yet pronounced, cusp appears at ϳ235 nm. The observations are discussed with reference to the known behavior of the other hydrogen halides and highlight the influence of spin-orbit interactions in the photofragmentation dynamics of this series of molecules.
The ultraviolet photodissociation dynamics of hydrogen bromide The technique of H Rydberg atom photofragment translational spectroscopy has been applied to investigate the ultraviolet photodissociation dynamics of hydrogen bromide. Branching fractions between the channels forming ground Br( 2 P 3/2 ) and spin-orbit excited Br( 2 P 1/2 ) atoms have been determined at 15 independent wavelengths in the range 201-253 nm, and photofragment recoil anisotropies for these two channels have been characterized at six different wavelengths within the same wavelength range. The channel forming ground state products, HϩBr( 2 P 3/2 ), is observed to arise solely from a perpendicular ͑i.e., ⌬⍀ϭ1͒ transition at all excitation energies, whereas the channel to formation of excited state products, HϩBr( 2 P 1/2 ), has a marked wavelength dependence: at long wavelengths ͑ϭ243 nm͒, the photofragments are produced by a parallel ͑i.e., ⌬⍀ϭ0͒ photodissociation mechanism, which becomes more perpendicular in character as the photolysis energy is increased. Within the wavelength range studied, the branching fractions indicate that Br( 2 P 3/2 ) products are formed in preference to Br( 2 P 1/2 ) products, with propensities that are relatively invariant to excitation wavelength, although a small, yet pronounced, cusp appears at ϳ235 nm. The observations are discussed with reference to the known behavior of the other hydrogen halides and highlight the influence of spin-orbit interactions in the photofragmentation dynamics of this series of molecules. © 1999 American Institute of Physics.
͓S0021-9606͑99͒01601-3͔

I. INTRODUCTION
Photon-induced dissociations reveal how atomic and molecular chemical interactions change as a system evolves from the vicinity of the equilibrium ͑short range͒ internuclear distance to regions of large separation. An initial electronic transition from a bound state is subject to angular momentum selection rules determined, in part, by the Hund's coupling case effective in the Franck-Condon ͑FC͒ region; at the asymptotic limit, the electronic quantum states of the photofragments will reflect both the initial absorption and the degree of mixing between different electronic energy states at extended bond lengths. The progression of the system between these two extremes can be described in terms of ͑wave packet͒ motion on one or more potential energy surfaces ͑PESs͒ and the aim of photodissociation studies is to correlate the observed product state distributions with the PESs of the parent molecule that led to dissociation. This approach can become intractable for polyatomic molecules, for which many multidimensional PESs may be involved in the photodissociation and, even for diatomics, the effect of several interacting electronic states greatly complicates the understanding of the dynamics.
Hydrogen halides HX ͑XϭF, Cl, Br or I͒ are prototypical molecules that exemplify how the photochemistry changes with atomic number of one atom: within this series the spin-orbit interactions become stronger with increasing nuclear charge. Near ultraviolet ͑UV͒ photodissociation of HX is known to involve several excited electronic states, some of which are coupled. The PESs involved in the UV photofragmentation of HX correlate adiabatically to formation of ground state ( 2 S) hydrogen atoms and halogen atoms in either of the two ground state ( 2 P) spin-orbit components. Measurements of angular distributions of photofragment velocities and cross sections for formation of product quantum states reflect the evolution of the system from the FC region into the asymptotic channels. To this end we have studied the UV photodissociation of HBr, as a continuation of the related work 1 on the photodissociation of HI and in light of recent studies of HCl photolysis. [2] [3] [4] As for all HX molecules, the first UV absorption band of HBr 5 is broad and featureless, typical of prompt dissociation. Figure 1 shows a schematic representation of some of the PESs to which electric dipole-allowed excitation can occur within this absorption band; all these low-lying electronic excited states are repulsive and correlate to neutral atoms:
In keeping with tradition, we refer hereafter to the ground state halogen atom X( 2 P 3/2 ) as X, and the excited state atom X( 2 P 1/2 ) as X*. The branching fraction ⌫ between channels 1͑a͒ and 1͑b͒ is defined as:
where ͓X͔ and ͓X*͔ are the cross sections for formation of photofragment X and X*, respectively, at a particular wavelength. The UV absorption continuum for the HX species is attributed, in varying degrees, to three transitions:
We choose to describe these transitions using both Hund's case ͑a͒ and case ͑c͒ notations in order to stress comparisons as the coupling in HX develops predominantly from case ͑a͒ for HF and HCl to case ͑c͒ for HI. Figure 1 also includes the 3 ⌺ ϩ (1) state. Direct excitation to this state has been suggested 7 as a contributor to the UV absorption of HI, although recent experimental and theoretical photodissociation studies of HI, 1 HBr, 8 and HCl 2, 3 suggest that there is no direct population of the 3 ⌺ ϩ (1) state by absorption, but that it can be involved in the dissociation process.
Adiabatically ͑with the neglect of rotationally induced couplings͒, the perpendicular ͑⌬⍀ϭϮ1͒ transitions ͑3͒ and ͑4͒ access states that correlate to HϩX products, while the 3 ⌸(0 ϩ ) state, excited via the parallel ͑⌬⍀ϭ0͒ transition ͑5͒, and the 3 ⌺ ϩ (1) state correlate to HϩX*. In the case of HBr, Magnotta et al. 9 measured the fractional yield of the Br and Br* spin-orbit state products following photolysis at 193 nm. The deduced branching fraction ⌫ was determined to be 0.15 but these workers could not characterize the angular distributions of photofragment velocities. The first angular data were published by Wittig and co-workers 10, 11 who studied the photodissociation at 193 nm using velocity-aligned Doppler spectroscopy to interrogate the H photofragment. They found that both spin-orbit states of bromine were produced by predominantly perpendicular transitions at this wavelength, with Br* forming 14% of the total bromine atom yield. From an analysis of Doppler profiles of the H photofragments formed by photolysis at 157 and 243 nm, Kawasaki and co-workers 12 concluded that excitation at both wavelengths had predominantly perpendicular character. However, the resolution of the data was insufficient to distinguish signal from different spin-orbit channels and no attempt could be made to quantify the angular nature of the two dissociation paths. Kinugawa and Arikawa 13 combined ion imaging with Doppler spectroscopy of the H atom fragments at 243 nm to obtain a value of ⌫ϭ0.11 and angular distributions for both channels: as at 193 nm, a purely perpendicular recoil velocity distribution was observed for HϩBr products but, in contrast to the shorter wavelength data, the HϩBr* channel exhibited a purely parallel distribution. Recently, Péoux et al. 8 applied time-independent, time-dependent, and semiclassical methods, based on their ab initio calculated electronic potential curves, transition moments, spin-orbit constants and coupling matrix elements ͓also including the 3 ⌺ ϩ (1) state͔ to calculate the excitation energy dependence of the product spin-orbit branching ratios over the UV absorption band of HBr.
Following our work on the UV photodissociation of HI 1 we have applied the technique of H Rydberg atom photofragment translational spectroscopy ͑PTS͒ to a study of the photolysis of jet-cooled HBr molecules. Measurements of branching fractions and recoil anisotropies for photofragments formed in channels 1͑a͒ and 1͑b͒ are reported for 15 selected photolysis wavelengths within the first UV absorption band. The results illustrate significantly different photodissociation dynamics for HBr compared with both HI and HCl, which can be rationalized in terms of mixing between different electronic states within the FC region ͑different relative transition probabilities͒ and further mixing in the exit channels ͑nonadiabatic couplings͒.
II. EXPERIMENT
Full details of the H Rydberg atom PTS experiment have been presented in previous papers [14] [15] [16] [17] [18] and we recount here only the salient points. A molecular beam of HBr is created in a differentially pumped chamber by skimming the gas injected from a pulsed nozzle ͑General Valve Series 9͒ backed by a ͑typically͒ 2% mixture of HBr in argon gas ͑total pressure ϳ760 Torr͒. The output of a pulsed Nd:YAG pumped dye laser ͑Spectra-Physics GCR-270 plus PDL 2͒ which is either frequency tripled ͑using KDP and BBO crystals, for р220 nm͒ or doubled ͑in BBO, у220 nm͒ crosses the molecular beam at right angles and photolyzes HBr molecules. This light is linearly polarized with the electric field vector ⑀ aligned relative to the H atom time-offlight ͑TOF͒ axis at an angle that is set using a polarization rotator ͑Newport RFU 1 2 Fresnel rhomb͒. To obtain photofragment angular distributions it is necessary to record the H photofragment flux at values of extending over ͑at least͒ one quadrant. After a delay of ϳ10 ns, two laser pulses, counterpropagating to the photolysis beam, tag the resultant H( 2 S) atom by exciting to a high-n Rydberg state via a double resonance process ͑ϭ121.57 nm and ϳ365 nm͒. These tagged H atoms are then allowed to travel field free along a 425.1 mm long tube perpendicular to the plane defined by the molecular beam and laser pulses, at the end of which they are field ionized and detected by a Johnston multiplier ͑MM1-SG͒ mounted behind a 32 mm diameter aperture. The amplified output from the multiplier is displayed on a digital oscilloscope ͑LeCroy 9450, 350 MHz bandwidth͒ as a TOF transient, which is transferred for collection to a personal computer via a general purpose interface bus ͑GPIB͒ interface. Measurements were made from ͑at least͒ three data FIG. 1. Schematic potential energy curves for the ground and first few excited electronic states of HX plotted as a function of dissociation coordinate H-X. Two (0 Ϫ ) states and a 3 ⌸(2) state also correlate with the two asymptotic channels, but are omitted from the diagram because they are all electric-dipole forbidden from the
sets, each of which typically required an accumulation of ϳ3000 laser shots to obtain a good signal-to-noise ratio.
The related study of HI photodissociation 1 describes a number of examinations of possible experimental artefacts which may bias the detection sensitivity towards one or another product channel. These include: Doppler selectivity of the H atom tagging which, even using the line center of the Lyman-␣ resonance, might introduce a bias in favor of the slower, HϩX* channel; photofragment fly-out from the probe laser volume during the time delay between photolysis and probe laser pulses which might discriminate against the faster, HϩX channel, saturation of photolysis or Rydberg tagging absorption steps, impure polarization of the photolysis laser or inaccurate setting of , and photolysis of clusters formed in the supersonic expansion of the 2% HX in Ar mixture. The protocols developed to test for these sources of potential error are described in detail elsewhere 1 and these effects were shown to be negligible in the studies of HI photodissociation. The smaller spin-orbit constant for Br, compared with I, means that the difference in the recoil velocities for HϩBr and HϩBr* photofragments is smaller than for HI, which would reduce further any potential velocity-dependent bias in our H atom detection process. However, to confirm this, similar experimental tests and computer simulations of HBr photodissociation were performed at a number of the excitation wavelengths employed in this study. Again, it was concluded that there was no experimental bias in the detection of either of the photodissociation channels.
III. RESULTS
A. Bond dissociation energy of HBr
Conversion of a raw TOF spectrum into a total kinetic energy release ͑TKER͒ spectrum involves application of the general relationship:
where t H is the time of flight, and dϭ425.1 mm is the TOF distance. Figure 2 shows the H atom TKER spectrum transformed from the TOF spectrum recorded following photodissociation at 222 nm of a molecular beam of 2% HBr in Ar, with the electric field vector ⑀ of the photolysis laser set at 54.7°͑ the magic angle͒ to the TOF axis. Two peaks are evident indicating that only two product channels contribute at this photolysis energy: the signal at higher TKER is attributed to HϩBr production, and the signal at lower TKER is assigned to the HϩBr* channel. The observed energy splitting is in accord with the known separation of the spin-orbit components of the bromine photofragment ͑3685 cm Ϫ1 ͒. 19 Similar data have been recorded at 15 excitation wavelengths between 201 and 253 nm for HBr molecules, using gas expansion conditions that ensured photolysis of predominantly HBr (Jϭ0,1) molecules: in the companion paper on HI photodissociation, 1 it was demonstrated that the H atom PTS technique is capable of resolving the rotational structure of HI parent molecules (Bϳ6.5 cm Ϫ1 ), and hence a fortiori HBr molecules (Bϳ8.5 cm Ϫ1 ). Therefore, the unresolved peaks for each product channel in the TKER spectra are attributed to photofragments from low-J parent molecules. Energy conservation dictates that for a parent molecule with vϭ0 and Jϭ0:
where E(Br͒ int is the internal energy of the bromine photofragment, and D 0 0 (H-Br) is the bond dissociation energy. By this calculation we are able to provide a refined estimate for D 0 0 (H-Br͒ϭ30 210Ϯ40 cm Ϫ1 , which compares favorably with the value quoted in Okabe, 20 but is lower than the value cited in Huber and Herzberg.
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B. Spin-orbit branching fractions
The photofragment recoil velocity distribution from a one-photon electric dipole allowed photodissociation of randomly oriented molecules is given by:
where f (v) is the product speed distribution ͑which for photolysis of a single quantum state of HX corresponds to a single speed for each product channel͒, ␤ is the spatial anisotropy parameter, P 2 (cos )ϭ 1 2 (3 cos 2 Ϫ1) is the second order Legendre polynomial and cos ϭ⑀•v.
For a prompt dissociation-as is the case for HBr subsequent to excitation in the UV absorption band-the anisotropy parameter has limiting values of ␤ϭϩ2 when dissociation follows excitation with a transition dipole moment parallel to the internuclear axis ͑⌬⍀ϭ0͒, and ␤ϭϪ1 when fragmentation follows excitation involving a transition dipole moment perpendicular to the internuclear axis ͑⌬⍀ ϭϮ1͒.
Measurements of branching fractions require elimination of bias in the experimental detection caused by different photofragment anisotropies for different channels. This can be achieved in two ways: ͑i͒ setting the angle m ϭ54.7°makes the term P 2 (cos )ϭ0, thus removing any angular bias of the signal; ͑ii͒ taking a 1:2 weighted linear combination of signal recorded at ϭ0°and 90°, respectively, forms a sum which is independent of , since:
Method ͑i͒ is practically more expedient than method ͑ii͒ because only one measurement is required, which reduces the data collection, and hence is the preferred choice. However, as a procedural self-check, at wavelengths for which recoil anisotropies were measured, the branching fractions determined by method ͑i͒ were compared with the values obtained by method ͑ii͒, and were always found to be consistent. Figure 3 shows average fractional branching yields of Br*, ⌫, for 15 photolysis wavelengths spanning 201-253 nm. The experimental reproducibility of ⌫ at 233 nm was ascertained by making 30 independent measurements, and the 2 error bar associated with ⌫ at this wavelength is applied to the values of ⌫ at all other reported wavelengths. Also included in Fig. 3 are other experimental values, [9] [10] [11] 13, 23 and the calculated wavelength dependence of Péoux et al. 8 Considering the expanded scale of the ordinate in Fig. 3 , there is a very good qualitative consensus between experiment and theory: formation of Br is predominant over Br* at all wavelengths studied, and the branching between the two spin-orbit components is generally insensitive to change in the excitation energy ͑in stark contrast to HI photolysis, vide infra͒. Quantitatively, there is a notable difference between the experimental values and theoretical predictions. The observations indicate a higher fractional yield of Br* than the theoretical work suggests, and, particularly in the range of 230-240 nm, there is a distinct cusp in the plot of ⌫ against photolysis wavelength.
C. Photofragment angular distributions
Measuring the signal intensity as a function of renders the angular distribution of the H photofragment recoil velocities. Experimentally, the angular anisotropy is obtained by recording three data sets in succession, the first and last at m ϭ54.7°and the middle set at a selected angle between 0°a nd 110°. Data sets for the selected angle are normalized, to compensate for laser power drift, with reference to data recorded at the magic angle. This process is repeated for six selected angles. A function was fitted to these normalized plots using Eq. ͑8͒ which yields a value for ␤, the anisotropy parameter. Figure 4 shows sample normalized angular distributions and fits for the higher and lower energy components of the TKER spectrum recorded for the photodissociation of HBr at 222 nm. Note that all signal intensities, I(v,), are normalized against the signal intensity at ϭ90°of the higher energy channel, i.e., I(HϩBr, 90°͒, and the error on this signal is uniformly applied to all other data points at a given wavelength. The error quoted on the anisotropy parameter represents the worst-fit value, which we define as the anisotropy parameter that fits to the lowest ͑highest͒ intensity limit of ϭ0°and the highest ͑lowest͒ intensity limit of ϭ90°. A plot of the best-fit anisotropy parameters for H photofragments formed in conjunction with Br and Br* at a number of near UV excitation wavelengths is shown in Fig. 5 . Each anisotropy parameter and associated error bar is assessed as described above. The ground spin-orbit product Br is seen to arise from a purely perpendicular photolysis ͑␤ϭϪ1͒ at all observed excitation energies. In contrast, the angular distributions of the excited spin-orbit products Br* indicate a dissociation mechanism that is very dependent on the photolysis wavelength. At the longest wavelength employed in this study we observe formation of Br* via a parallel photodissociation ͑␤ϭϩ2͒; as the excitation energy increases, the anisotropy parameter decreases monotonically. This trend is in keeping with previous results at 243 nm 13 and 193 nm 10, 11 which showed ͑purely͒ parallel and ͑pre-dominantly͒ perpendicular character, respectively, for formation of Br* photofragments.
FIG. 4. Angular distributions of the HϩBr
IV. DISCUSSION
To interpret these experimental results for HBr in terms of dissociation on multiple PESs, it is valuable to draw comparisons with the known photodissociation dynamics of the other HX molecules. First, the differences in behavior of the various HX species upon optical excitation are described, and then the different dynamics on coupled PESs are considered.
Formally in Hund's case ͑a͒ only transition ͑3͒ to the 1 ⌸(1) state is allowed: for example, the first absorption band of the lightest hydrogen halide HF is considered ͑see Ref. 24 and references therein͒ to be carried solely by this excitation. Similarly, calculations 25 carried out on ab initio PESs indicate that transition ͑3͒ carries almost all ͑Ͼ99.5%͒ of the oscillator strength in the UV absorption by HCl. A small contribution to the absorption arises from transition ͑5͒ to the 3 ⌸(0 ϩ ) state, due to spin-orbit mixing ͑of the e parity rotational levels͒ of the nominal 3 ⌸(0 ϩ ) state with the X 1 ⌺ ϩ (0 ϩ ) state, indicating a slight deviation from pure case ͑a͒ character.
Transition ͑4͒ to the 3 ⌸(1) state gains oscillator strength by spin-orbit mixing of this state with the 1 ⌸(1) state, and in the case of the UV absorption of HI, transitions ͑4͒ and ͑5͒ become comparable in importance to transition ͑3͒, consistent with case ͑c͒ description. The relative probabilities of transitions ͑4͒ and ͑5͒ in the equivalent spectrum of HBr have been addressed theoretically by several groups: 6, 8, 26 Briefly, transitions ͑4͒ and ͑5͒ are optically active ͓as well as transition ͑3͔͒ and are significant in the long-wavelength tail of the UV absorption, but decline in importance as the excitation energy increases.
As noted in Sec. III B, the symmetry of the absorption step ͑⌬⍀͒ leading to a prompt molecular dissociation is revealed by the anisotropy parameter ͑␤͒. Once the nature of the PES that is initially populated is established, it remains to determine with which asymptotic product channel the PES correlates. Two pictures are used commonly to illustrate correlations between separated photofragments and molecular ͑excited͒ electronic states. 27 These representations follow naturally from the Born-Oppenheimer approximation, with separation of the nuclear motion, described by the operator T nuc , from the electronic Hamiltonian Ĥ elec in the total molecular Hamiltonian Ĥ tot :
Ĥ elec can be factorized further into an electrostatic and a spin-orbit contribution. Within the diabatic picture, electronic wave functions can be chosen that diagonalize the electrostatic term of the electronic Hamiltonian and approximately diagonalize the nuclear kinetic energy operator T nuc . The diabatic version of Fig. 1 would show all states correlating to a single ͓H( 2 S)ϩX( 2 P)͔ limit: the spin-orbit interaction lifts the degeneracy of the asymptotic channels and the off-diagonal elements in the spin-orbit operator cause a mixing of diabatic states. The dissociation can be visualized physically as a recoupling of angular momentum induced by the spin-orbit interaction: at some internuclear separation, the energy difference of the various diabatic states becomes comparable to the spin-orbit splitting, and so there is a transformation from case ͑a͒ or case ͑c͒ to the case ͑e͒ coupling limit. This recoupling results in the formation of both X( 2 P 3/2 ) and X( 2 P 1/2 ) products. In the alternative, adiabatic representation, the electronic Hamiltonian ͑now including spin-orbit coupling͒ is diagonalised to give Born-Oppenheimer PESs. These PESs are now coupled by the nuclear kinetic energy operator. Figure 1 is an adiabatic representation of the PESs for the HX system. In the limit of infinitely slow recoil of photofragments, the correlations of PESs with product channels shown in Fig. 1 are rigorous. However, for separation at a finite velocity, adiabatic states become coupled and nonadiabatic transitions occur. Evidence of these transitions during dissociation is revealed in the branching fraction ⌫. Consider, for example, excitation to the 1 ⌸(1) state. If the subsequent dissociation proceeds adiabatically, then ⌫ϭ0 ͑adiabatic limit͒. Conversely, ⌫ϭ1/3 ͑statistical limit͒, as determined by the degeneracies of the spin-orbit states, if during the separation there is complete nonadiabatic coupling between the 1 ⌸(1) and 3 ⌺ ϩ (1) states ͑since the selection rule ⌬⍀ϭ0 applies in the absence of rotationally induced coupling͒.
As discussed below, the strong spin-orbit coupling in HI means that adiabatic potentials have mixed singlet/triplet character-case ͑a͒ labels are inappropriate in this case, although it is useful to retain them for the purposes of comparison-and these adiabats are likely to be widely separated. For HCl, however, the spin-orbit coupling is much smaller than the electrostatic term in the electronic Hamiltonian, and spin remains a good quantum number for the adiabats. HBr is anticipated to have behavior somewhere between these limits, hence, to put the present HBr results in context, comparisons are drawn with recent studies of HI, 1 HCl, 2, 3 and HF 24 photolysis. The subsequent discussion summarizes the current understanding of the photodissociation dynamics of HI and HCl before interpreting the results for HBr.
Langford et al. 1 measured H photofragment angular distributions ͑␤ parameters͒ and branching fractions ⌫ following UV photolysis of HI at wavelengths in the range 201 and 303 nm. To supplement the following discussion, the branch-ing fractions from this study are presented in Fig. 6 . Ground state iodine photofragments I, form by initial perpendicular excitation (␤ I ϭϪ1) to, and subsequent separation on, the 1 ⌸(1) and/or 3 ⌸(1) surfaces, whereas spin-orbit excited products I* are produced by a parallel (␤ I * ϳϩ2) initial excitation to, and dissociation on, the 3 ⌸(0 ϩ ) surface, which gains oscillator strength through spin-orbit mixing with the ground state. These assignments are consistent with the expected behavior of the energy dependence of the partial absorption cross sections for transitions ͑3͒-͑5͒, based on the energy ordering of states in the FC region: at the longest wavelengths ͑Ͼ270 nm͒ ⌫ is small, reflecting the relative strength of the 3 ⌸(1)←X 1 ⌺ ϩ (0 ϩ ) transition; excitation at shorter wavelengths ͑Ͻ230 nm͒ results also in low branching fractions, signifying the prevalence of the 1 ⌸(1) ←X 1 ⌺ ϩ (0 ϩ ) transition; however, within the intermediate wavelength range ͑ϭ230-270 nm͒, I* photofragments are formed in excess of I, implying a dominance in this region of the 3 ⌸(0 ϩ )←X 1 ⌺ ϩ (0 ϩ ) transition. The photochemistry for this putative Hund's case ͑c͒ molecule is thus determined primarily by strong spin-orbit interactions, effective in the FC region, which ensure that a coherent superposition of continuum wave packets on three ͑adiabatic͒ PESs is created by absorption. Subsequent wave packet evolution takes place via an adiabatic mechanism, i.e., dissociation occurs predominantly on the initially populated PES.
In contrast to HI, spin-orbit interactions appear to be negligible for HF and HCl in the FC region. Angular distributions of photofragments and the product branching fraction ⌫ following excitation of HF (vϭ3) molecules at 193 nm have been resolved and show that both product channels are formed by purely perpendicular transitions ͑␤ F ϭϪ1; ␤ F * ϭϪ1͒, with ⌫ϭ0.42. 24 Similar behavior is observed for HCl: the product recoil anisotropies reported for excitation at 193 nm illustrate that Cl and Cl* photofragments are formed via predominantly perpendicular excitations ͑␤ Cl ϭϪ1; ␤ Cl * ϳϪ1͒, and ⌫ was measured to be 0.41. 3 These results, together with a detailed wavelength-dependent study 2 of the spin-orbit branching fractions of HCl photolysis that demonstrate the preferential formation of Cl over Cl*, have been successfully rationalized in terms of an initial ͑spin-allowed͒ perpendicular excitation to the 1 ⌸(1) state, with subsequent nonadiabatic coupling to other ⍀ϭ1 states at extended bond lengths: in particular, coupling to the 3 ⌺ ϩ (1) state, which forms Cl* photofragments. Excitation to the 3 ⌸(0 ϩ ) state is calculated to make a small contribution to the total absorption cross section. This state is ͑weakly͒ spin-orbit coupled with the ground state. This contribution is thus expected to be more significant at long wavelengths, when excitation occurs at large internuclear distance and the mixing of states is stronger. Theoretical predictions 25 indicated that this contribution is Ͻ0.5% of the total absorption, although experimental evidence 3 (␤ Cl * ϭϪ0.94Ϯ0.07) suggests a value of 0.8%. We have made a preliminary measurement of photofragment distributions following photolysis of HCl at 205.5 nm, as a prelude to a more extensive study. 4 Branching fractions of 0.48Ϯ0.05 and 0.41Ϯ0.04 were measured with set at 54.7°, and 90°, respectively, suggesting that there is a parallel component to the initial excitation at this wavelength. The signal measured with ϭ0°is-as expectedvery low, but it is evident from the TOF spectrum that the HϩCl* contribution to this spectrum has greater intensity than the HϩCl channel. This, too, supports the view that a parallel excitation populates the 3 ⌸(0 ϩ ) state which correlates adiabatically with the HϩCl* channel.
The difference in behavior of HI and HCl can be summarized qualitatively using an adiabatic picture: the nuclear kinetic energy operator couples adiabatic PESs, and the smaller the difference in energy of the adiabats, the greater the influence of nonadiabatic coupling. For HI, PESs are always well separated in energy, either by electrostatic interactions, or by strong spin-orbit splitting ͑both at short and long bond lengths͒ whereas for HCl, the large energy separation of the adiabats ͑caused by electrostatic interactions͒ decreases at extended bond lengths and asymptotically becomes the small spin-orbit splitting of the isolated Cl atom. Thus, the indication is that the adiabats of Hl are energetically too dissimilar for significant nonadiabatic coupling to occur, although the opposite is true for HCl. Given our knowledge of the relative spin-orbit constants of the halogen atoms, HBr can reasonably be expected to have spin-orbit interactions of intermediate character between HCl and HI. This study illuminates how the intermediate spin-orbit coupling is revealed in the UV photodissociation process, by comparison with the known behavior of the other hydrogen halides.
Production of the ground state HϩBr channel by a perpendicular transition at all wavelengths suggests a mechanism similar to formation of HϩI: initial excitation, and subsequent dissociation, involves the 1 ⌸(1) and/or 3 ⌸(1) states. Calculations 8 show that at short wavelengths ͑ϭ193 nm͒ the partial absorption cross section to the 1 ⌸(1) state is greater than to the 3 ⌸(1) state, but at long wavelengths ͑ϭ243 nm͒, the transition probabilities to these two states become comparable, as in HI. In stark contrast to the recoil anisotropies of all other HX photofragments, the ␤ parameter for the HϩBr* channel has a very marked dependence on initial excitation energy. At 193 nm 10, 11 this channel is produced primarily by a perpendicular transition (␤ Br * ϳϪ1) but, as Fig. 5 shows, it becomes progressively more parallel in character with increasing photolysis wavelength to the limit of pure parallel photodissociation (␤ Br * ϭϩ2) at 243 nm, consistent with the result of Kinugawa and Arikawa. 13 These observations are readily understood if we assume that, at shorter wavelengths, the dominant route to HϩBr* products involves initial excitation to the 8 and illustrates that HBr shows, in part, the excitation to the triplet and singlet states evident in HI, and also the long-range nonadiabatic transitions more characteristic of HCl.
With two different dissociation mechanisms at work, it is perhaps surprising that the branching flux between the two exit channels is relatively insensitive to the fragmentation dynamics. However, this proposal of two mechanisms, sustaining a near constant flux into the HϩBr* channel, is supported by the theoretical predictions of Péoux et al. 8 based on ab initio calculated electronic potential energy curves, rotational and spin-orbit coupling elements, and electronic transition moments: as the significance of one mechanism declines, the other increases in importance and coincidentally compensates almost exactly in terms of Br* yield. The small cusp in the plot of ⌫ against wavelength suggests that, at around 235 nm, there is a cooperative effect of the two mechanisms to produce Br* products, and replicating the occurrence of this cusp will be a good test for theoretical models of HBr photodissociation.
V. CONCLUSION
The technique of H Rydberg atom PTS has been applied to the photodissociation of jet-cooled HBr molecules at 15 different wavelengths between 201 and 253 nm. The measured branching fractions ⌫ and photofragment angular distributions ͑␤ parameters͒ are found to be in good agreement with other, more limited, experimental data and with theoretical predictions. The branching fractions show that the HϩBr products are formed in preference to HϩBr* at all wavelengths. There is a small variation of ⌫ with excitation wavelength, although not as pronounced as in HCl and HI, with a distinct cusp at ϳ235 nm. The photofragment angular distribution for the HϩBr channel, at all reported wavelengths, is well characterized by ␤ϭϪ1, whereas, for the HϩBr* channel, ␤ϭϩ2 at long wavelengths ͑ϭ243 nm͒ and becomes increasingly more perpendicular in character as the excitation wavelength decreases. These results have been discussed with reference to the recent extensive studies of HCl and HI photolysis in order to develop an understanding of the photodissociation dynamics of the hydrogen halide series. In particular, the influence of spin-orbit interactions in HX molecules is shown to be significant for different regions of internuclear separation as X changes, as revealed by the symmetry of the initial absorption step and by the extent of the nonadiabatic couplings of PESs in the subsequent dissociation process. For HCl, spin-orbit couplings are effective only when the bond has lengthened significantly, whereas the Franck-Condon region of HI is dominated by strong spinorbit mixings. This study has illustrated that the photodissociation of HBr can be understood only if substantial spinorbit coupling affects the dynamics in both of these regimes, in qualitative agreement with the theoretical predictions 8 based on ab initio electronic structure calculations. The small discrepancy between experimentally observed and theoretically calculated branching fractions suggests the need for some refinement of the ab initio data. This improvement could be greatly expedited by a detailed study of the photodissociation of vibrationally excited HBr molecules which could resolve better the relative placements of the excited state potential energy surfaces.
